Future fusion reactors are foreseen to be heated by the energetic alpha particles produced in fusion reactions. For this to happen, it is important that the energetic ions are sufficiently confined. In present day fusion experiments, energetic ions are primarily produced using external heating systems such as neutral beam injection and ion cyclotron resonance heating. In order to diagnose these fast ions, several different fast-ion diagnostics have been developed and implemented at the various experiments around the world. The velocity-space sensitivities of fast-ion diagnostics are given by so-called weight functions. Here instrument-specific weight functions are derived for neutron emission spectrometry detectors at the tokamaks JET and ASDEX Upgrade, for the 2.45 MeV neutrons produced in deuterium-deuterium reactions in deuterium plasmas. Using these it is possible to directly determine which part of velocity space each detector observes.
I. INTRODUCTION
Several different types of diagnostics are used to measure fast ions in fusion plasmas. Each diagnostic observes a certain part of the fusion plasma, given by its orientation relative to the plasma. In addition to these spatial observation regions, every fast-ion diagnostic instrument measures only certain parts of the velocity space of the fast ions. This is determined by the velocity-space sensitivity functions, so-called fast-ion velocity-space weight functions, w.
These weight functions have now been developed for many of the most common fast-ion diagnostics: collective Thomson scattering 1 , fast-ion D α spectroscopy 2,3 , neutral particle analyzers 2,4 , neutron emission spectrometry (NES) 5, 6 and gamma ray spectroscopy 7, 8 . Here we focus on NES weight functions and account for the instrumental response functions of the different detectors. NES weight functions relating neutron energy spectra to velocity space have been developed in 6 . These fundamental NES weight functions have proven useful in the analysis of NES measurements 9, 10 . Taking into account the instrument-specific response function of a given diagnostic instrument, it becomes possible to calculate instrument-specific weight functions that directly relate the given measurements to the velocity space of the fast ions 5 . Here, such instrument-specific weight functions are calculated for three of the neutron spectrometers at JET and the spectrometer at ASDEX Upgrade. These allow a direct comparison of the velocity-space sensitivities of the different types of detectors. Our calculations and results are directly applicable to neutron emission spectrometers installed on other machines as long as the instrumental response functions are available. These include time-of-flight spectrometers on EAST 11 and LHD 12 , and compact spectrometers on EAST 13 , FTU 14 and TCV.
This paper is organized as follows. In section II the different neutron emission spectrometers most commonly used for measuring D-D neutrons at JET and the spectrometer at ASDEX Upgrade are described. Section III describes the underlying fundamental neutron energy NES weight functions. In section IV the instrument-specific weight functions are calculated for the different neutron spectrometers, and the observable regions in velocity space are presented for each. The results are discussed in section V and conclusions are summarized in section VI.
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II. JET AND ASDEX UPGRADE NEUTRON EMISSION SPECTROMETERS
Several neutron emission spectrometers are installed at JET [15] [16] [17] [18] [19] . One of these is the time-of-flight spectrometer TOFOR 15 . TOFOR consists of two sets of detectors placed at a known distance from each other. By comparing the time-traces of neutron interactions in these detectors, it is possible to construct a time-of-flight spectrum, which reflects the energy distribution of the incoming neutrons. TOFOR is placed in the roof laboratory at JET viewing the plasma from above with a line-of-sight perpendicular to the magnetic field, as is shown in the left part of figure 1, which shows a side-view of JET including TOFOR and the magnetic proton recoil (MPR) deuterium-tritium neutron emission spectrometer 18 .
The right part of figure 1 shows a top view of JET with the lines-of-sight of TOFOR and the MPR spectrometers indicated in blue and magenta, respectively. The other two JET neutron energy spectrometers considered here are compact detectors. One of them uses the liquid organic scintillator material NE213 to detect neutrons 16, 20 .
A neutron can excite the scintillator material through neutron-hydrogen elastic scattering events. The scintillator emits light in the subsequent relaxation. The emitted light depends on the energy of the incoming neutron. The unit of the light output of the NE213 spectrometer is MeVee (megaelectronvolt electron equivalent), which is the light output that would be produced by an electron with that energy. This unit is chosen since the light output response to incoming electrons is linear 21 . The compact NE213 spectrometer is placed in the back of the MPR spectrometer and shares its line-of-sight. The angle between the magnetic field and the line-of-sight of the NE213 detector when it intersects the plasma centre is about 45
• .
The third neutron energy spectrometer uses a synthetic single-crystal diamond to detect neutrons through elastic scattering of the neutrons on 12 C nuclei 17, 22 . This spectrometer is located behind the NE213 spectrometer and thus shares the same line-of-sight.
A compact NES spectrometer based on the organic scintillator material BC501A is in- several different energies. To fit the measurements, the simulated spectra need to be folded with a Gaussian describing the instrumental broadening 16, 17, 25, 26 . In the case of the NE213 detector a mono-energetic neutron source was not available. Instead measurements obtained with another NE213 detector of similar size was used 27 . Figure 2b shows the response function of the diamond detector. The threshold neutron energy is given by 3.52 × E dep , where E dep is the deposited energy. This can be derived from conservation of energy and momentum of the elastic scattering of a neutron on a 12 C atom. The diamond response function contains several stripe-like features and local minima. These are caused by the angular dependence of the cross section of this elastic scattering.
Comparing figures 2c and 2d, it is clear that the instrumental response functions of the NE213 and BC501A detectors are rather different, even though the two detectors are based on identical detection principles. This is caused by the different detector sizes, geometries, scintillator-to-photomultiplier coupling and other differences in the detailed designs.
III. NES NEUTRON ENERGY WEIGHT FUNCTIONS
Before the instrument-specific weight functions can be calculated, the fundamental neutron energy weight functions are needed. They are briefly described here. For a comprehensive derivation and discussion of these, see reference 6 .
The relation between a neutron energy spectrum, s En (E n,1 , E n,2 , φ), and the fast-ion
where w En (E n,1 , E n,2 , φ, E, p, r) is the fundamental neutron energy weight function. It can be written as
where R (φ, E, p, r) is the rate of neutrons emitted towards the detector per fast ion irrespective of the energy of the neutrons and pdf En (E n , φ, E, p) is the probability density function of the neutron energy. E n is the neutron energy, φ is the angle between the line-of-sight of the detector and the magnetic field, E and p are the energy and pitch of the fast ions, respectively, and r holds the spatial coordinates. The pitch is defined as p = 
IV. INSTRUMENT-SPECIFIC NES WEIGHT FUNCTIONS
As explained in section III the neutron energy weight functions relate the sought-after fast-ion distribution function to the neutron energy spectra. However, real neutron detectors do not directly measure the neutron energy. Instead they measure a derived quantity as illustrated by the instrumental response functions in figure 2 . The three detectors at JET measure time-of-flight in ns, light output in MeVee and deposited energy in MeV, respectively. Thus it is beneficial to relate directly the measured signal to the fast-ion distribution function:
s(x 1 , x 2 , φ) = w instrument (x 1 , x 2 , φ, E, p, r)f (E, p, r) dE dp dr . (f) E n = 6 MeV, φ = 90
FIG. 5: NES neutron energy weight functions in units of neutrons per second per fast ion.
Here w instrument (x 1 , x 2 , φ, E, p, r) is the instrument-specific weight function. As described in 5 it is possible to calculate the instrument-specific weight functions:
where R (x 1 , x 2 , E n ) is the instrumental response function, which gives the instrumental response in a range from x 1 to x 2 , where x is the specific measurement unit, as a function of the energy of the neutron.
Equation (4) can be understood as follows: The neutron rate R determines the total number of neutrons produced in fusion reactions and emitted in the direction towards the detector per fast ion. The probability density function, pdf En , gives the probability that a neutron is produced in a certain energy range. The instrumental response function determines the signal which neutrons with this energy will produce in a measurement interval between x 1 and x 2 . The integral over all neutron energies accounts for all neutron energies which might produce a signal between x 1 and x 2 . A peaked instrumental response 9 function, such as for TOFOR (figure 2a), ensures a good neutron energy resolution. On the other hand, in the case where R (x 1 , x 2 , E n ) is flat, independent of the neutron energy, the instrument-specific weight function can be approximated with the neutron rate times a constant:
since ∞ 0 pdf En (E n , φ, E, p) dE n = 1 by definition. In this case the instrument does not have any neutron energy resolution and is a neutron counter rather than a spectrometer. The compact spectrometers considered here have a relatively flat response function, but their step-function-like response functions ensure that they are still useful as spectrometers.
Equation (4) can be approximated in discrete form:
where pdf En = 
V. DISCUSSION
Here instrument-specific weight functions have been calculated for the most commonly used neutron spectrometers at JET for deuterium plasmas. In addition to these three, there exist several others. A magnetic proton recoil detector optimized for D-T neutrons shares the
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• line of sight with the two compact detectors described here 18 . Another compact neutron spectrometer with a liquid organic scintillator is oriented horizontally with an angle of 25
• between its line of sight and the magnetic field 19 . Since it is based on the same principle it has a response function similar to 2c, but the different angle changes the fundamental NES weight functions. The observable velocity-space region of this detector at large light output values will be even more restricted to ions with positive pitch. Finally, a diamond-based detector was recently installed sharing a line of sight with TOFOR 28, 29 . In deuterium plasmas, the instrument-specific weight functions of this detector is obtained by multiplying the response function in figure 2b and the fundamental weight functions in figures 5d-5f and thus they will look very similar to the weight functions of the ASDEX Upgrade BC501A detector in figure 9 . In deuterium-tritium plasmas, instead, the main neutron detection mechanism at play for diamond detectors and 14 MeV neutrons is the 12 C(n,α) 9 Be reaction 29, 30 , which produces a peak in the response function as for the MPR. Thus, in plasmas of deuteriumtritium, we may expect the velocity-space sensitivity of diamond-based detectors to more closely resemble that of the underlying fundamental weight functions, as for TOFOR in deuterium. This has been one of the motivations for the development of a second neutron 13 spectrometer based on diamond detectors observing the plasma along a vertical sightline at JET. Another reason is that the NE213 and TOFOR find a more limited applicability in deuterium-tritium plasmas. Due to the 100 times larger neutron emission of 14 MeV neutrons from these plasmas compared to deuterium, the NE213 detector may have to cope with intolerable MCounts/s counting rates. Similarly, TOFOR is not designed to offer a good spectroscopy performance at 14 MeV, both in terms of energy resolution and of signal/background ratio.
The fundamental neutron energy NES weight functions have already been used in analysing measurements at JET for identifying the observed region in velocity space 9, 10 .
Taking into account the instrumental response function improves the accuracy of this type of analysis substantially. Besides, instrument-specific weight functions as derived here may also serve as a parameter to choose among different neutron spectrometry concepts (time of flight, magnetic proton recoil, scintillation etc.) in their design phase. The figure of merit would here be the capability of a given instrumental concept to approach the velocity space sensitivity determined by the underlying fundamental weight functions shown in figure 5 .
Finally, the instrument-specific weight functions presented here allow us to go one step further. Equation (3) can be discretized and written as a matrix equation which can be solved as an inverse problem [31] [32] [33] .
where S, W instrument and F are discrete versions of s, w instrument and f , respectively. Equation (8) can be solved by tomography-like methods, see e.g. [34] [35] [36] for more details. The instrumentspecific weight functions calculated here allow velocity-space tomography at JET 37 combining NES measurements with gamma ray measurements for which the velocity-space weight functions were derived recently 7,8 in a multi-diagnostic velocity-space tomography 32, 38, 39 .
For ASDEX Upgrade the NES measurements might be used in a tomography together with measurements from the fast-ion D α and collective Thomson scattering diagnostics.
VI. CONCLUSION
In this paper instrument-specific weight functions have been derived for the three main neutron spectrometers under operation in JET deuterium plasmas, as well as the neutron spectrometer at ASDEX Upgrade. Depending on the detection technique, instrumentspecific weight functions can approach, or not, the theoretical fundamental neutron emission weight functions. We find that the velocity sensitivity of TOFOR is close to the fundamental NES energy weight functions. For the NE213, diamond and BC501A detectors, instead, a localized velocity space sensitivity is preserved only at high light outputs and deposited energies. The instrument-specific weight functions derived here can help in benchmarking a specific spectrometer in its design phase by means of how localized its velocity-space sensitivity is. Finally, they are the essential prerequisite for a complete reconstruction of the fast ion energy distribution by means of tomographic inversions.
